Summary Carboxyl-terminal fragments (CTs) of the amyloid precursor protein have been shown to be highly neurotoxic and are though to contribute to the neuropathology of Alzheimer's disease. We compared the effects of expressing CT99 in the human neuroblastoma MC65 with the effects of hydrogen peroxide on the parental SK-N-MC cells. CT99 and hydrogen peroxide generated a different pattern of free radicals and their toxic effects were differentially protected by a battery of antioxidants. Hydrogen peroxide caused a cell cycle arrest at phase S and apoptosis mediated through caspase-3 activation in a pattern similar to that described for amyloid-b neurotoxicity. However, CT99 apoptosis appeared to be mediated through an unidentified mitochondrial pathway. Both oxidative injury types induced heme oxygenase-1 expression as a neuroprotective response. Overall we found a coincidence in the nonespecific stress oxidative effects of CT99 and hydrogen peroxide, but clear differences on their respective potencies and pathways of neurotoxicity.
Introduction
Alzheimer's disease (AD) is a common, devastating neurodegenerative disease characterized by progressive memory loss and dementia. Presence of extracellular senile plaques and intraneuronal neurofibrillary tangles, dystrophic neurites, activated microglia and reactive astrocytes are the pathological hallmarks of AD. A selective loss of neurons in hippocampal, neocortical and selected subcortical regions leads to a characteristic brain atrophy. One of the underlying mechanisms of AD appears to be accumulation of b-amyloid peptide (Ab) and its deposition in plaques (Hardy and Selkoe, 2002) . More recently, an early presence of soluble oligomers of Ab has been correlated with the cognitive deterioration in AD brain (Lacor et al., 2004; Walsh and Selkoe, 2004) . The 4-kDa Ab is encoded as an internal peptide that begins 99 residues from the carboxyl terminus of the larger amyloid protein precursor protein (APP) and is generated by endosomal-lysosomal processing after successive b-secretase and g-secretase cleavages. This nonsecretory APP metabolic pathway produces a complex set of carboxyl-terminal derivatives (Golde et al., 1992) . The longer carboxyl-terminal fragments (CTs) of APP are generated after b-secretase cleavage at the N-terminal region of Ab, thus including the full Ab sequence, and have a size of 14-22 kDa. CTs are present in neuritic plaques (Selkoe et al., 1988) and have been shown to accumulate intracellularly in patients with hereditary AD (McPhie et al., 1997) . In vitro and in vivo studies have demonstrated that CTs impair calcium homeostasis and learning and memory and are an important toxic component in the neuropathy of AD (Suh, 1997; Chang and Suh, 2005) . Further, CTs have resulted more neurotoxic to neuronal cultures (Suh et al., 2000) and greater activators of glial cells than Ab (Rah et al., 2001) . Generation of reactive oxygen species (ROS) is proposed as the main mechanism of Ab neurotoxicity and one of the hallmarks of AD (Behl et al., 1994; Butterfield, 2003) . We used the human neuroblastoma cell line MC65 that conditionally expresses the carboxyl-terminal fragment of 99 residues (CT99) (Sopher et al., 1994; Jin et al., 2002) to analyze the contribution of CTs to the activation of oxidative stress pathways associated with AD. Activated MC65 cells have an induction of the CT99-protein construct expression of at least 10 times over basal CT99 levels (Sopher et al., 1994) . This being not far from the intraneuronal accumulation of CTs up to 8 fold linked to the Swedish mutation of APP, as demonstrated in in vitro experiments (McPhie et al., 1997) . For comparison, parallel studies were performed with the parental cell line SK-N-MC exposed to hydrogen peroxide, a ubiquitous oxidative molecule involved in amyloid b neurotoxicity (Behl et al., 1994) . We used 100 mM of hydrogen peroxide, a brain concentration that may be reached after oxidative injuries (Hyslop et al., 1995) . We found that CT99-mediated apoptosis operates through a different pathway to that described for hydrogen peroxide and for amyloid-b.
Materials and methods

Material
Cell culture media, serum and reagents were purchased from Invitrogen. Cell culture plastic was from Nunc. Fluorescent probes and secondary antibodies were obtained from Molecular Probes. Unless otherwise stated, all other reagents were from Sigma.
Cell culture
The human neuroblastoma cell line SK-N-MC (American Type Culture Collection number HTB 10) was routinely cultured in Dulbecco's modified Eagle's medium (DMEM), supplemented with 1 mM sodium pyruvate, 10% fetal bovine serum, non-essential amino acids and 50 mg=ml gentamicin (DMEM-10 medium). Cells were seeded at a density of 20000 cells=cm 2 . The stably transformed cell line MC65 was derived from the human neuroblastoma SK-N-MC by a construct transfection that allows a conditional expression of a partial APP fusion protein composed of the aminoterminal 17 residues and the carboxyl-terminal 99 residues (SbC). For composition of the expression vectors and the characterization of the cell line see Sopher et al. (1994) and Jin et al. (2002) . Cleavage of the 17 amino acid signal sequence in the endoplasmic reticulum produces the CT99 fragment that accumulates intracellularly. Expression of SbC is controlled using a tetracycline-regulated promoter (tet-off system). MC65 cells were routinely cultured in DMEM-10 with 2 mg=ml tetracycline and 0.4 mg=ml geneticin (G418 sulphate). To induce CT99 expression, the cells were seeded in the absence of tetracycline for two days in DMEM-10 and the medium was then changed to OptiMEM-I medium (serum-free medium). Cells were seeded at 60000 cell=cm 2 to obtain a similar confluence than that of the parental cell line SK-N-MC.
Cytotoxicity and apoptosis assays
The loss of cell viability by CT99 or hydrogen peroxide injury was determined at 24 h of changing the medium to OptiMEM-I in MC65 or adding 100 mM hydrogen peroxide in SK-N-MC, respectively. Cultures in 96-well plates were sequentially analyzed using two methods. Lactate dehydrogenase (LDH) leakage from membrane-damaged cells was measured in 50 mlaliquots of the culture media by standard procedures. Briefly, 100 ml of reagent mixture, containing 4.16 mM pyruvic acid as substrate, 0.75 mM NADH and 9.45 mM NaHCO 3 in phosphate buffer (50 mM, pH 7.4), were added to the samples diluted in buffer 1:1. The rate of decrease of NADH measured at 340 nm is proportional to the catalytic concentration of LDH present in the sample. Serial dilutions of medium from 0.02% Triton X-100 lysed cells were used to construct a standard curve and cell death was expressed as a percentage of maximal death. Metabolic activity of the assayed cells was measured by the 3,(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) method as described by Hansen et al. (1989) . Results were expressed as a percentage of the control values.
Apoptosis was analyzed at 15 h of injury by measuring DNA fragmentation using the terminal deoxynucleotidyl transferase-mediated dUTP nickend labeling (TUNEL) assay (Apoptosis Detection System Fluorescein kit, Promega), according to manufacturer's instructions.
Caspase-3 activity after several time periods of treatment (up to 48 h) was quantified by a fluorimetric method. First, cells were lysed as follows: cultures in 12-well plates were washed with cold PBS and incubated with lysis buffer (0.03% digitonin in 100 mM HEPES, 100 mM EGTA, 1 mM EDTA, 10 mM dithiothreitol, 2 mg=ml 3-[3-cholamidopropyl dimethylammonio]-1-propanesulfonate (CHAPS), 2 mg=ml aprotinin, 2 mg=ml pepstatin, 2 mg=ml leupeptin, 1 mM phenylmethylsulfonyl fluoride (PMFS), 1 mM sodium fluoride and 10% sucrose, pH 7.5) for 15 min at 4 C. Lysates were stored at À70 C until assayed. Collected samples were further lysed by ultrasound and centrifuged at 6500 Â g for 3 min. Total protein concentration was determined in one aliquot of the resultant supernatant using the BioRad Protein Assay kit according to manufacturer's instructions. For the caspase-3 assay, 50 mg of protein extract was dissolved in 190 ml of buffer (100 mM HEPES, 100 mM EGTA, 1 mM EDTA, 10 mM dithiothreitol, 2 mg=ml CHAPS, 0.2 mg=ml aprotinin, 0.2 mg=ml pepstatin, 0.2 mg=ml leupeptin, 100 mM PMFS, 1 mM sodium fluoride and 10% sucrose, pH 7.5) in 96-well plates. Fifty mM caspase-3 inhibitor Ac-DEVD-CHO (Calbiochem) was used as a blank. After 5 min of incubation at 37 C, 10 ml of the caspase substrate Ac-DEVD-AMC (Calbiochem) was added to give a final concentration of 25 mM and the rate of 7-amino-4-methylcoumarin (AMC) formation was measured in a fluorescence scanner (Spectramax Gemini XS, Molecular Devices). Readings were taken every 5 min for 30 min at the 360 nm excitation=460 nm emission wavelengths. Results were expressed as a percentage of the control caspase-3 enzymatic activity values. A positive control group was exposed to 1 mM staurosporine for 3 h to induce caspase-3 activity.
Cell cycle determination
Cell cycle changes were analyzed at 6 h and 15 h after the beginning of the respective injury treatments of the cell lines. Cells in 12-well plates were washed with PBS and incubated with a solution of 20 mg=ml propidium iodide, 0.1% Triton X-100 and 0.2 mg=ml RNAse A in PBS for 30 min at room temperature. Cell cycle analysis was carried out using an Epics XL flow cytometer (Coulter Corporation). The instrument was set up with the standard configuration: excitation of the sample was done using a standard 488 nm air-cooled argon-ion laser at 15 mW power. Forward scatter, side scatter and red (620 nm) fluorescence for propidium iodide were acquired. Optical alignment was based on optimized signal from 10 nm fluorescent beads (Immunocheck, Epics Division). Stability over time of the instrument was confirmed. Red fluorescence was projected on a 1024 monoparametrical histogram. Single cells were gated by their area vs. peak fluorescence signal. DNA analysis (ploidy analysis) on single fluorescence histograms was done using Multicycle software (Phoenix Flow Systems).
Hydroperoxide and superoxide anion assays
The intracellular generation of hydroperoxides was measured by staining with 2 0 ,3 0 -dichlorofluorescin diacetate (DCFH-DA) and that of superoxide anion with dihydroethidium, The respective oxidation products dichlorofluorescein (DCF) and ethidium were measured by flow cytometry. Cultures in 12-well plates were washed with warm PBS and briefly incubated with 0.025% trypsin and 0.53 mM EDTA. Dissociated cells were collected in tubes and the enzymatic digestion was stopped by addition of 10% fetal bovine serum. After a centrifugation at 400 Â g, 5 min, cell pellets were resuspended in 400 ml of the corresponding culture medium to assay. DCFH-DA and hydroethidium were immediately added at the final concentrations of 10 mM and 4.8 mM, respectively. Incubation pursued for 1 h at 37 C in the dark. Cell fluorescence analyses were carried out using an Epics XL flow cytometer set up with standard configuration and optical alignment as described above. Forward scatter, side scatter and green (525 nm) fluorescence for DCF or orange (575 nm) fluorescence for ethidium were acquired. Results were expressed as a percentage of control values.
Immunocytochemistry
Cell lines cultured in eight-chamber slides were exposed to CT99 for 3 h or 15 h, fixed with 4% paraformaldehyde and stained with the following antibodies: monoclonal anti-caspase-3 (Cell Signaling) diluted 1:100, monoclonal anti-apoptosis-inducing factor (AIF, Sta. Cruz) diluted 1:200 and polyclonal raised against p65 subunit of NF-kB (Boerhinger Manheim) diluted 1:200. Incubation was overnight at 4 C. The secondary antibodies Alexa Fluor 488 and Alexa Fluor 546 were diluted 1:1500.
Western blot
Cells in 12-well plates were exposed to CT99 or hydrogen peroxide for 1, 3 or 15 h. At termination, cells were washed with cold PBS and incubated with protease inhibitor containing RIPA buffer (0.01 M PBS, 1% Igepal CA-630, 0.5% sodium deoxycholate, 0.1% SDS, 100 mM PMSF, 1 mM sodium orthovanadate, 5 mg=ml aprotinin) on ice for 20 min. Samples were homogenized and centrifuged at 15000 Â g for 20 min at 4 C. Supernatants were Differential neurotoxicity of CT99 and hydrogen peroxide stored at À20 C until assayed. Protein concentration was determined in one aliquot of the supernatant. Twenty mg of protein of the cell extracts were denatured at 100 C for 5 min in sample buffer containing 7.5% SDS and then analyzed by SDS-polyacrylamide gel electrophoresis. Proteins were transferred to polyvinylidene difluoride membranes (Immobilon-P, Millipore) and incubated overnight at 4 C with primary mouse antibodies directed against either heme oxygenase-1 (HO-1, Stressgen) diluted 1:1000, Fas ligand (Transduction) diluted 1:200 or p53 (Oncogene) diluted 1:1000. A mouse monoclonal antibody against b-actine (Sigma) diluted 1:40000 was used to normalize for any differences in the protein gel loading. Membranes were next incubated for 1 h with peroxidase-linked secondary antibody diluted 1:2000. Visualization was performed using a chemiluminiscence detection system based on the luminol reaction. Densitometric analysis was carried out by measuring the mean band intensity (Kodak Digital Science 1D software, Kodak). The percentage values of treated in relation to controls was calculated for samples in each gel.
Statistics
All assays were performed on a minimum of three independent experiments corresponding to different cell passages. Values were expressed as mean AE SEM. Results were analyzed by ANOVA followed by Dunnett's or Bonferroni multiple comparison tests or Student's t-test (GraphPad Prism software).
Results
CT99 expression and hydrogen peroxide induce neurotoxicity that is differentially prevented by antioxidants
Expression of CT99 in the MC65 neuroblastoma cells reduced the viability to 36.1 AE 1.83% when compared to uninduced control cells (100 AE 1.2%) as determined by MTT reduction assay. Exposure of SK-N-MC parental cells to 100 mM hydrogen peroxide resulted in 49.4 AE 3.31% viability when compared to control SK-N-MC (100 AE 0.9%). This indicated a strong neurotoxic effect of CT99 expression.
Selected antioxidants were added to the incubation media to test for neuroprotection. Concentrations were determined in preliminary experiments, and final concentrations were as follows: 5 mM propyl gallate, 10 mM Trolox, 10 mM b-estradiol, 50 mM acetylsalicylic acid (ASA), 1 mM nordihydroguaiaretic acid (NDGA), 10 mM pyrrolidine dithiocarbamate (PDTC) and 20 mM deferoxamine. Maximal neuroprotection against CT99 was afforded by propyl gallate, Trolox and NDGA, as determined by the absence of significant differences of MTT reduction when compared to uninduced control cells; and propyl gallate, Trolox, b-estradiol, NDGA, PDTC and deferoxamine, but not ASA, efficiently reduced the LDH leakage (Fig. 1A and B , respectively). Maximal protection against hydrogen peroxide was afforded by propyl gallate, NDGA and deferoxamine by MTT assay, whereas, similarly to CT99, all the tested agents except ASA significantly reduced LDH leakage ( Fig. 1C and D, respectively) 
CT99 expression, but not hydrogen peroxide, generates superoxide anion
To test the oxidative stress on the cells, generation of ROS was measured. Hydroperoxides were generated by both CT99 expression and hydrogen peroxide exposure; but superoxide anion levels only increased on CT99 expression but not on exposure to hydrogen peroxide (Fig. 2) .
CT99-mediated cell death involves a caspase-3 independent apoptotic mechanism, but hydrogen peroxide activates caspase-3 Apoptotic MC65 cells were demonstrated after CT99 expression using TUNEL staining (Fig. 3A) . Both CT99 expression and hydrogen peroxide exposure caused an increase in debris and fragmented nuclei as shown by DNAcontent analysis, even though the former did not reach statistical significance by ANOVA because of the sample dispersion ( Fig. 4C and G, respectively) . This correlated with the presence of apoptosis. Under both stress conditions, nuclear fragmentation was reduced by the presence of 5 mM propyl gallate ( Fig. 4D and H, respectively) .
To determine the apoptotic mechanism of CT99, activity of the apoptosis-related enzyme caspase-3 was measured at various time points. No increase in caspase-3 enzymatic activity was detected after CT99 expression (Fig. 3B) . Hydrogen peroxide induced caspase-3 activity in SK-N-MC cells with a peak at 15 h (Fig. 3C) ; this effect was reduced by the antioxidant propyl gallate (Fig. 3D) . Both cell lines, MC65 and SK-N-MC responded similarly to the caspase-3 Differential neurotoxicity of CT99 and hydrogen peroxide inducer staurosporine (Fig 3B and D) . Immunocytochemistry was also used to demonstrate that activated caspase-3 did not increase in CT99-expressing cells (data not shown).
Cell cycle determination showed no significant changes in MC65 cells by tetracycline withdrawal with subsequent expression of CT99. On the other hand, hydrogen peroxide induced an increase of the length of the phase S and a decrease of phases G0=G1 and G2=M. The antioxidant propyl gallate partially ameliorated the effects caused by hydrogen peroxide (Fig. 4) . In both cell lines, results were similar whether measured at 6 h (not shown) or at 15 h.
Immunocytochemistry performed in CT99-expressing cells showed no presence of AIF, p53 or p65 in the nuclei 3 h and 15 h after injury. Immunostained cells were analyzed by confocal microscopy (not shown). Further, changes of Fas ligand or of p53 protein expression in the presence or absence of tetracycline were not detected by Western blot (not shown).
Heme oxygenase-1 (HO-1) expression is induced by CT99 and hydrogen peroxide injury with a differential time pattern Both injured cell lines, CT99-expressing MC65 and hydrogen peroxide exposed SK-N-MC, showed an increase of HO-1 (Fig. 5) . However, their expression pattern differed as CT99-mediated increase appeared at 15 h, and that mediated by hydrogen peroxide was observed as early as 1 h after the beginning of the treatment. At 15 h, HO-1 induction by hydrogen peroxide was significantly decreased. 
Discussion
We sought to analyze the contribution of CT99 to oxidative stress pathways associated with AD. As anticipated from previous studies (Sopher et al., 1994 (Sopher et al., , 1996 , the CT99 fragment is toxic to the neuroblastoma cell line in which it is expressed. The toxic effect is associated with oxidative stress and can be reversed by addition of antioxidants. Protection against CT99 expression and against hydrogen peroxide exposure was clearly dependent on the potency of the antioxidant used. The less potent agents afforded partial protection, as shown by maintenance of the cell wall integrity (LDH assay) but reduced metabolic activity of the culture (MTT assay). Propyl gallate and NDGA maintained the cells exposed to CT99 expression or to hydrogen peroxide exposure as in control conditions. These are phenolic antioxidants with a high radical scavenger capacity. The watersoluble vitamin E synthetic analogue Trolox protected against CT99 expression but did not totally prevented hydrogen peroxide injury. This indicating a higher involvement of membrane peroxidation in the oxidative damage by CT99 injury as related to that caused by hydrogen peroxide. The iron chelator deferoxamine protected against hydrogen peroxide stress but offered partial protection against CT99 stress. Chelation of iron blocks the Fenton reaction, preventing the generation of the highly damaging hydroxyl radical from hydrogen peroxide. Therefore, iron-mediated damage played to some extent a more important role in hydrogen peroxide than in CT99 toxicity. Besides a partial differential pattern in the level of neuroprotection, the effective concentrations of these neuroprotective agents were close for both injuries. In agreement with an oxidative mechanism of cell injury by CT99, two glutathione precursors, N-acetylcysteine and 2-oxo-4-thiazolidine carboxylic acid, have been previously reported as neuroprotective in activated MC65 (Sopher et al., 1996) . These authors also reported a significant protection by vitamin E and the thiol antioxidant and metal chelator a-lipoic acid. Maezawa et al. (2004) have demonstrated a synergistic protective effect of vitamin E and CNS lipoproteins in activated MC65 cells. Many studies have demonstrated a neuroprotection by antioxidant agents against Ab neurotoxicity in vitro (Goodman et al., 1994; Mark et al., 1997; Behl, 2000; Zhang et al., 2001; Tamagno et al., 2003; Quintanilla et al., 2005) with redox active iron also involved (Rottkamp et al., 2001) .
Hydrogen-peroxide induced cell death in SK-N-MC was mediated through an apoptotic mechanism dependent on caspase-3 activation. By contrast, CT99-induced apoptosis did not involve activation of caspase-3, implying a very different mechanism of cell death. The hydrogen peroxide-treated cells accumulated in phase S of the cell cycle indicating that hydrogen peroxide inhibited DNA synthesis and then evoked apoptosis before the cells enter the G2 phase. Consistent with this observation, we were unable to detect the tumor suppressor protein p53, which normally Differential neurotoxicity of CT99 and hydrogen peroxide induces cell arrest through genes mediating G1 arrest or G2=M arrest (Martindale and Holbrook, 2002) . Activated MC65 cells did not suffer major cell cycle changes, as previously shown (Sopher et al., 1994) , but an increase of apoptotic cell fragments was observed. We could rule out a cell-death receptor mechanism in these cells, as we could not detect an increase of Fas (C95=APO-1) ligand in the conditions assayed. A differential free radical pattern may be the key to the different apoptotic mechanism induced by both injuries. Generation of superoxide anion by CT99 suggests mitochondrial damage. If this were the case, apoptosis would be mediated through an unspecific or as yet uncharacterized mitochondrial mechanism, as we were not able to detect caspase-3 activation nor AIF nuclear translocation in the injured cells. A central role of mitochondrial damage linked to the increase of ROS generation has been reported for Ab-induced neuronal cell death (Casley et al., 2002; Keil et al., 2004) . Similarly to hydrogen peroxide, Ab-induced apoptosis is mainly mediated through a caspase-3 mechanism (Takuma et al., 2004) .
CT99 induction increased the expression of the antioxidant enzyme HO-1 in human neuroblastoma, as did hydrogen peroxide. HO-1 immunoreactivity is significantly augmented in neurons and astrocytes of AD brain, where the sustained up-regulation of HO-1 in astrocytes is considered to contribute to iron deposition and mitochondrial insufficiency . In neuronal cells, induction of HO-1 after either amyloid-b or hydrogen peroxide-exposure has been reported to protect against oxidative stress (Le et al., 1999) . Similarly, HO-1 increase in activated MC65 cells would have a protective effect against CT99.
The presence of oxidative damage is well documented in AD brain and oxidative stress is considered an early event in the pathogenesis of the disease (Nunomura et al., 2001; Perry et al., 2002; Praticò and Sung, 2004; Smith et al., 2005) . Recent studies in transgenic animals have shown that the strategies aimed at targeting oxidative stress, such as vitamin E supplementation, may be effective if initiated at an early stage of the disease . Likewise, Zandi et al. (2004) have reported a reduced risk of AD in users of antioxidant vitamin supplements. The position of Ab either as initiator of the oxidative stress or as modulator of a previously generated stress is not well known. However, Ab could sustain a long-lasting cycle of oxidative stress and Ab accumulation (Tong et al., 2005) and lead to disease progression. A similar role would be played by the concomitantly generated CTs. Our results confirm previous reports of the potential role for CTs to contribute to oxidative injury in AD tissue. CT99-mediated injury appears to initiate a distinct apoptotic pathway in neuronal cells that is at least partially different from those of hydrogen peroxide and amyloid-b mediated apoptosis. CT presence in the AD brain should be taken into account when designing strategies aimed at targeting the consequences of aberrant APP processing in AD patients.
